W
hite matter high intensity lesions (WML) on T2 weighted magnetic resonance images are often detected in elderly people. 1 2 When located in the deep and subcortical white matter, WML may reflect ischaemic damage and correspond not only to focal rarefaction of myelin but also to loss of fibres and sometimes to lacunar infarcts, according to the histopathological characteristics. 3 Arteriolosclerosis appears to be the most important causative factor in the development of such lesions, and the extent of WML is thought to reflect the extent of brain arteriolosclerosis. 4 Thus a predictive value of the extent of WML for strokes from arteriolosclerosis (lacunar infarcts or haemorrhages) is biologically plausible. However, it is unclear whether the extent of WML allows one to define subgroups of patients at high risk for subsequent stroke beyond what can be expected from simple clinical examination. 1 5 There are few longitudinal data on stroke occurrence in the subgroup of patients categorised by the extent of WML on magnetic resonance images, 6 7 although several studies using computed tomography (CT) have investigated the relation between leucoaraiosis and stroke risk. [8] [9] [10] [11] [12] The results of CT studies may not be extendable to magnetic resonance imaging, because the lesions visualised by these two techniques cannot be completely superimposed for number, site, and extension. 1 Some CT studies have shown that extensive leucoaraiosis predicts future stroke, [8] [9] [10] [11] suggesting that WML of the most severe degrees may indicate increased stroke risk. However, other investigators 12 have failed to confirm this finding, and it is unclear whether leucoaraiosis on CT is a predictor of risk for subsequent strokes from arteriolosclerosis. 8 On the basis of the hypothesis that extensive WML is an indicator of diffuse arteriolosclerosis leading to stroke, it is highly plausible that WML has predictive value for stroke in patients with lacunar infarction. However, even in patients with lacunar infarcts the results of studies investigating the predictive value of WML or leucoaraiosis for stroke are conflicting. 6 9 12 The inconsistency among previous studies may reflect differences in risk factor status during follow up, as well as the status of the patients at entry. Few studies have analysed the strength and independence of the predictive value of WML for stroke after controlling for the risk factor status during follow up. Furthermore, longitudinal data on the relation between progression of WML and subsequent stroke should resolve the controversy about the association between WML and stroke risk. Population based studies on the rate of WML progression have shown an asymptomatic increase in the number and extent of WML in relation to hypertension. 13 14 However, little is known about the relation between progression of WML and the risk of subsequent stroke.
In this study, we selected 89 patients who either had symptomatic lacunar infarcts or or were stroke-free, neurologically normal individuals with headache or dizziness. None had non-lacunar infarction, significant stenosis of major cerebral arteries, or atrial fibrillation. We followed up them with serial magnetic resonance imaging (MRI) scans until the occurrence of stroke or death. The relation between the subsequent risk of stroke and the extent of WML was analysed after adjustment for several clinical variables including vascular risk factors in the controls during follow up. The relation between the increase in WML and the risk of subsequent stroke was also analysed. Our objectives were to determine whether the extent of WML at baseline was an independent predictor of risk for subsequent stroke on the basis of arteriolosclerosis, and whether serial evaluation of the extent of WML could be used to identify patients with initially mild WML who were at high risk of subsequent stroke.
METHODS Patients
We studied 89 consecutive outpatients aged 43 to 88 years (mean (SD) age, 66 (9) years), who were either diagnosed as having symptomatic lacunar infarcts or were stroke-free, neurologically normal individuals with headache or dizziness. There were 38 men and 51 women. All subjects were selected prospectively from patients with neurological symptoms who visited the outpatient department of neurology at Saiseikai Noe Hospital on Thursdays between April 1993 and March 1998, and underwent MRI to diagnose or rule out central nervous system diseases.
Inclusion criteria were as follows: • patients with a history of lacunar stroke, a clinical presentation consistent with one of the lacunar syndromes described by Fisher, 15 and MRI evidence of lacunar infarcts that appeared to be responsible for their symptoms;
• patients who underwent MRI because of headache or dizziness and had normal neurological findings and no specific neurological diseases other than tension-type headache, irrespective of MRI evidence of infarcts or any degree of WML. Exclusion criteria were as follows:
• significant stenosis of the cervical or intracranial arteries on magnetic resonance angiography; • complications of other neurological or psychiatric disorders, including alcohol abuse and depression; • patients who did not need follow up because they had normal MRI findings, no symptoms after initial MRI examination, and no vascular risk factors.
In all, 144 patients satisfied the inclusion criteria. Among 43 patients with a history of lacunar stroke, two with stenosis of the middle cerebral artery were excluded. Among 101 strokefree patients, two with depression were excluded. Fifty one patients were also excluded because they had normal MRI findings, were symptom-free, and had no vascular risk factors. None had cortical infarction on MRI or atrial fibrillation on ECG. In patients with ischaemic heart disease, none showed sources of embolism on echocardiography.
Forty two of the 89 patients had lacunar infarcts on MRI. A lacunar infarct was identified as an increased signal intensity on T2 weighted images, with clearly delineated decreased signal intensity on T1 weighted images. No patient had lesions with a diameter of more than 1.5 cm. Twenty one of these 42 patients had multiple lacunar infarcts, most of which were located in the basal ganglia and were not considered compatible with the clinical symptoms and signs. There were 41 patients with symptomatic lacunar stroke and one with an asymptomatic lacunar infarct in the putamen. These comprised 27 men and 15 women, aged 50 to 82 years (mean (SD), 68 (8) years). The other 47 patients without lacunar infarcts comprised 11 men and 36 women aged 43 to 88 years (mean 65 (10) years).
Patients were followed up at Saiseikai Noe Hospital. Treatment of risk factors and the use of drugs were left to individual clinical judgment. In principle, however, antiplatelet agents (aspirin or ticlopidine HCl) were given to patients with lacunar stroke if they did not have contraindication to this treatment or poor blood pressure control. Although the attending physicians were not blinded to the findings of the MRI studies, treatment did not differ markedly among the patients. All patients were examined at two month intervals or more often after the baseline MRI scans. At each visit, an interim history was obtained and a neurological examination was performed. In all patients, follow up MRI scans were repeated at intervals of 12 to 18 months.
The vascular risk factors evaluated were hypertension, diabetes mellitus, ischaemic heart disease, hypercholesterolaemia, and smoking; information on these was obtained from clinical history and laboratory findings at baseline and during follow up. Hypertension at entry was judged to be present when there was a systolic blood pressure of more than 160 mm Hg or a diastolic blood pressure of more than 95 mm Hg on repeated measurements, or when there was a history of treatment for hypertension. 16 Blood pressure was measured at each visit. The mean values of blood pressure during follow up were judged as controlled (systolic pressure less than 140 mm Hg and diastolic pressure less than 90 mm Hg), mild hypertension (systolic pressure 140-159 mm Hg, or diastolic pressure 90-99 mm Hg), or moderate hypertension (systolic pressure more than 159 mm Hg or diastolic pressure more than 99 mm Hg). 17 Diabetes mellitus at entry was judged to be present when the fasting blood glucose concentration was more than 140 mg/dl or when there was a history of treatment for diabetes mellitus. The blood glucose level and glycated haemoglobin concentration (HbA1c value) were measured once a month in patients with diabetes mellitus and once a year or more often in those without. The blood glucose concentration during follow up was judged as controlled when the mean value of HbA1c was less than 7%.
Ischaemic heart disease at entry was judged to be present when there was a history of angina pectoris or myocardial infarction.
Hypercholesterolaemia at entry was judged to be present when the serum total cholesterol was more than 6.2 mmol/l (240 mg/dl) or when there was a history of treatment. The cholesterol level was measured at least once a year. The cholesterol level during follow up was judged as controlled when the mean value of serum total cholesterol was less than 5.7 mmol/l (220 mg/dl).
End points were defined as the occurrence of stroke or death. In patients with stroke, MRI or CT was undertaken and compared with the initial studies to confirm the occurrence of stroke.
MRI
MRI was done with a Vectra unit (General Electric, Milwaukee, Wisconsin, USA) operating at a field strength of 0.5 T. T1 weighted axial images were obtained with the use of a spin echo pulse sequence (repetition time, 440 ms; echo time, 17 ms). Axial proton weighted and T2 weighted images were also obtained with spin echo pulse sequences (repetition time, 3500 ms; echo time, 40 and 90 ms, respectively). The slice thickness was 7 mm. Sections had intersectional gaps of 1.9 mm. In all patients with symptomatic lacunar stroke, the baseline MRI scans for this study were performed at least one month after the ischaemic event.
White matter high intensity lesions
To grade WML, axial T2 weighted images were evaluated visually, and separately for each hemisphere. The presence, location, and degree of white matter lesions were assessed according to a recently described scale. 18 This scale requires separate evaluation of the anterior and posterior regions of each hemisphere on three MRI slices: one through the choroid plexus of the posterior horns, one through the cella media, and one through the centrum semiovale. The first two slices were used to evaluate the anterior region (the region around the anterior horn of the lateral ventricles); the other two were used to evaluate the posterior region (the white matter around the posterior part of the body of the lateral ventricles and the posterior part of the centrum semiovale). For this study a modification was made in order to allow WML to be rated separately in each of the two regions on the three slices.
WML were identified as areas of increased signal intensity on T2 weighted images. Most WML were visualised as high intensity areas on proton weighted images and as normointense areas or poorly delineated hypointense areas on T1 weighted images. Focal lesions were judged as present when the diameter was 2 mm or more. The severity of WML on T2 weighted images, including areas of infarct on T1 weighted images, was graded on a two point scale in each of the two regions on the three slices, according to their number and configuration. A score of 0 denoted no lesion or only a single lesion; a score of 1 denoted multiple focal lesions; a score of 2 denoted multiple confluent lesions scattered throughout the white matter. Total WML scores were calculated by summing the scores in each region in both hemispheres, with a maximum score of 16 and a minimum score of 0. We also graded the overall severity of WML as a simple rating of none, mild (score 1-8), or severe (score 9-16).
The grading of WML was done by one investigator who was blinded to the clinical status of the patients. To investigate the change in WML grade, all initial and follow up scans (before the occurrence of stroke, if any) in each patient were read side by side, and the sequence of the scans was known to the reader. We chose this method because we thought it would allow optimal evaluation, even though independent assessment of the scans might have been preferable from the point of view of avoiding bias.
Before the study, observer reliability for grading the severity of WML was evaluated from a blind re-review of 50 MRI scans in patients with strokes. There was high intraobserver and interobserver reliability for the grading system used. The intraclass correlation coefficient for intraobserver reliability was 0.98 and for interobserver reliability, 0.94.
Statistical analysis
We compared the clinical background between patients with WML and those without using Student's t test or the χ 2 test as appropriate. Stepwise regression analysis was used in all patients to test the independent predictive value of multiple variables at entry with respect to the WML score on the baseline scans. In this analysis the WML score was the dependent variable and the patient's age, sex, the presence of other medical illness (hypertension, diabetes mellitus, or ischaemic heart disease), smoking status, and the presence of single or multiple lacunar infarcts as the independent variables. We also compared the incidence of subsequent stroke among patients with severe WML, mild WML, and no WML, using the Mantel-Cox log-rank statistics and Kaplan-Meier survival curves. 19 Single variable or multivariable analysis with the Cox proportional hazards model was used to test the effect of multiple variables on the occurrence of stroke. 20 The age, sex, presence of single lacunar infarct, presence of multiple lacunar infarcts, presence (at entry) or control status (during follow up) of other medical illness (hypertension, diabetes mellitus, ischaemic heart disease, hypercholesterolaemia), smoking status (current or past), and WML scores were considered covariates.
In patients without a severe degree of WML, stepwise regression analysis was used to test the independent predictive values of multiple variables with respect to the increase of WML score during follow up. The increased value of the WML score (before the occurrence of stroke, if any) was used as the dependent variable, and the age, sex, presence or control status of other medical illness, smoking status, presence of single or multiple lacunar infarcts, and WML scores at baseline were used as the independent variables.
In patients with an increase in WML score, the mean values of blood pressure, HbA1c, and total cholesterol during follow up until the detection of an increase in WML were also calculated and used for determining control status for this analysis. We also compared the incidence of subsequent stroke between patients with and without an increase in WML score using the Mantel-Cox log-rank statistics and Kaplan-Meier survival curves.
Significance was established at p < 0.05. Two tailed tests were used in all analyses. Statistical analyses were done using Statview for Macintosh (SAS Institute Inc, 1998). Table 1 shows the clinical characteristics of patients with and without WML. Of the 89 patients, 49 had WML on the baseline When demographic variables and vascular risk factors at entry were entered into a stepwise regression analysis, the patient's age, the presence of multiple lacunar infarcts, the presence of diabetes mellitus, and current smoking accounted for a significant proportion of the variances of the WML score (adjusted R 2 = 0.42; p < 0.0001); these four variables were independently correlated with the WML score (table 2, model 1). When the presence of lacunar infarction (single or multiple) was excluded as an independent variable, hypertension became a significant predictor (adjusted R 2 = 0.36; p < 0.0001) (table 2, model 2).
RESULTS
Follow up time in the 89 patients ranged from seven to 83 months (mean (SD), 51 (19) months). Antihypertensive agents were given to all patients with hypertension-calcium channel blockers in 20, angiotensin converting enzyme inhibitors in four, and both drugs in four. Twenty nine of the 42 patients with lacunar infarcts and 10 of the 47 without were treated with antiplatelet agents. In patients without lacunar infarcts, antiplatelet agents were given because of ischaemic heart disease, complications of diabetes mellitus, or severe WML. Two patients without lacunar infarcts dropped out of the study after being followed for 23 and 25 months, respectively, because they moved home. Their WML scores were 0 and 6 at entry and were unchanged on the follow up scans. While mean blood pressure during follow up was judged to be controlled in 54 patients, there was mild hypertension in 29 and moderate hypertension in six. The blood glucose level during follow up was considered uncontrolled in seven patients (all having poorly controlled diabetes mellitus). Blood cholesterol during follow up was considered uncontrolled in 21 patients. (table 3) , all in the 49 patients with WML. No stroke other than lacunar infarction or cerebral haemorrhage occurred in the 89 patients. Five strokes were lacunar infarctions, including four supratentorial and one brain stem infarct, and two were haemorrhages, including one putaminal and one thalamic haemorrhage. Three strokes occurred in patients with mild degrees of WML (WML scores 4, 5, and 8), and four in patients with severe WML (WML scores 10, 14, 15, and 16). Death occurred in one patient with WML and in three patients without (χ 2 test, p = 0.47). The Kaplan-Meier cumulative failure curve is shown in fig 1. The incidence of stroke was significantly higher in the nine patients with severe WML than in the 40 patients with mild WML (log-rank test, p < 0.005).
In single variable analysis using the Cox proportional hazards model, the extent of WML and the presence of multiple lacunar infarcts at baseline scans and the presence of moderate hypertension, uncontrolled diabetes mellitus, and smoking during follow up were significant predictors of subsequent stroke (table 4) . None of the vascular risk factors at entry was a significant predictor. When seven variables with probability values of < 0.20 in univariate analysis were entered into the multivariate model along with sex, only the extent of WML at entry and the presence of uncontrolled diabetes mellitus during follow up were significant independent predictors of subsequent stroke; the relative risk for a 1 point increase in WML score was 1.60 (95% confidence interval, 1.02 to 2.54; p < 0.05) (table 4). When only the patients with lacunar infarcts were analysed, the extent of WML became the sole significant independent predictor of subsequent stroke.
Progression of WML during follow up and subsequent stroke All but three patients with early occurrence of subsequent stroke underwent follow up MRI scans at least once. Asymptomatic progression of the WML (an increase in WML scores) was found on MRI before the occurrence of stroke in two patients with recurrent stroke; at the start of follow up, WML scores were 8 to 11 and 4 to 5, respectively (fig 2, table 3 ). No progression of WML occurred in the other four patients with severe WML (scores of 10, 14, 15, and 16) or in one patient with subsequent brain stem infarction. Among patients without stroke during follow up, only two patients without a history of stroke also showed asymptomatic progression of WML; at the start of follow up, WML scores were 0 to 1 and 2 to 3, respectively, in these patients. In 79 patients with follow up MRI scans and no or mild WML, stepwise regression analysis showed that three variables during follow up (the presence of moderate hypertension, uncontrolled diabetes mellitus, and smoking) accounted for a significant proportion of the variances of the increased value of WML score (adjusted R 2 = 0.33; p < 0.0001); these three variables were independently correlated with the increased value of WML score (table  5) . The other variables, including WML scores at baseline, did not contribute significantly to the magnitude of the R 2 value. Regression of the WML (a decrease in WML scores) was not found in any patient.
The follow up time of all the 80 patients with no or mild WML was 52 (19) months. When one patient with early occurrence of subsequent stroke and no follow up MRI scans was categorised as a patient without an increase in WML score, the incidence of stroke in patients with an increase in WML score and in those without was two of four and one of 76 patients, respectively. The risk of stroke in patients with an increase in WML score was significantly greater than in those without (log-rank test, p < 0.0001).
DISCUSSION
Our study shows that after scrutinising the risk for atherothrombotic or embolic stroke, the extent of WML is a predictor of risk for subsequent stroke from arteriolosclerosis. Severe WML at baseline was an independent predictor of subsequent stroke (lacunar infarcts or haemorrhages) even after controlling for the risk factor status during follow up. Furthermore, progression of WML during follow up was associated with subsequent stroke in patients with initially mild WML. Serial evaluation of the extent of WML on MRI may be used to identify patients who are at risk of subsequent strokes.
Severe WML at baseline may be associated with a high risk of subsequent stroke through diffuse brain arteriolosclerosis 4 -a risk factor for stroke that may be difficult to eliminate. Supporting this interpretation was the fact that all subsequent symptomatic strokes included lacunar infarcts and putaminal or thalamic haemorrhages, which are related to arteriolosclerosis. Correlative analysis of baseline data showed that age, the presence of hypertension, the presence of diabetes mellitus, and current smoking were independently correlated with the WML score, as found in previous studies. 1 21 Hypertension and multiple lacunar infarcts (mostly in the basal ganglia) were interchangeable in the model, because the presence of multiple lacunar infarcts was associated with hypertension. 22 In our patient sample, the extent of WML may reflect the total effect of these risk factors on brain arterioles at entry, leading to a closer association with subsequent strokes than the presence of any one of these risk factors at entry that were potentially modifiable during follow up.
In stroke patients with medical management, the degree of control of vascular risk factors, but not their presence, may be an important determinant of stroke. Thus the strength and independence of the predictive value of WML for stroke may become clearer when risk factor status during follow up is controlled for using multivariable analysis. In our sample, the presence of moderate hypertension, uncontrolled diabetes mellitus, and smoking during follow up were associated with subsequent stroke in single variable analysis. For the prevention of stroke, these risk factors should have been more strictly controlled. However, the association between the extent of WML and the risk of subsequent stroke was independent of the risk factor status during follow up. This suggests that patients with severe WML have a high risk of subsequent stroke, even if vascular risk factors are strictly controlled. In addition, the use of antiplatelet agents did not affect the risk of stroke significantly. Thus we must seek special treatment strategies for preventing subsequent stroke in patients with severe WML and a low risk of atherothrombotic or embolic stroke. [23] [24] [25] The correlation between the extent of WML and the risk of subsequent stroke is supported by the finding that progression of WML during follow up was associated with subsequent stroke in patients with initially no or mild WML. Asymptomatic progression of WML occurred in two patients with initially mild WML before the recurrence of symptomatic stroke-at the start of follow up their WML scores were 8 to 11 and 4 to 5, repectively. Among patients without stroke occurrence during follow up, two without a history of stroke also showed asymptomatic progression of WML. However, their initial and follow up WML scores were low (0 to 1 and 2 to 3), suggesting that these patients were still at relatively low risk of stroke.
In our patients without severe WML, risk factor status during follow up was associated with progression of WML. Some conditions-including aggravation of vascular risk factors and progression of atherosclerosis or arteriosclerosis-might cause an increase in WML over time. A few population based studies on the rate of WML progression have shown asymptomatic increases in the number or extent of WML in relation to hypertension. 13 14 Asymptomatic progression of WML during follow up may indicate an increased risk of symptomatic stroke, which warrants a change of treatment, including more strict control of risk factors. Further studies are required to determine whether the identification of patients with asymptomatic deterioration of WML by serial MRI examinations may have clinical significance in preventing subsequent symptomatic stroke in those with initially mild WML. In this study, we evaluated WML on a thick MRI slice using a rather simple scale. The use of a thin slice technique and the application of semiautomated segmentation techniques which might give normalised volumes of WML or automated approaches to lesion counting could provide higher sensitivity for detecting deterioration of WML.
The predictive value of WML for stroke may be most pronounced in patients with lacunar infarction. However, it is controversial whether the extent of WML is an independent predictor of stroke in patients with lacunar infarcts. 6 9 12 One follow up CT study showed an association between the presence 
